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ABSTRACT 

Context. The star-forming nature of long y-ray burst (GRB) host galaxies provides invaluable constraints on the progenitors of GRBs 
and might open a short-cut to the characteristics of typical star-forming galaxies throughout the history of the Universe. Due to the 
absence of near-infrared (MR) spectroscopy, however, detailed investigations, specifically a determination of the gas-phase metallicity 
of gamma-ray burst hosts, was largely limited to redshifts z < 1 to date. 

Aims. We observed the galaxy hosting GRB 080605 at z = 1.64 using optical/NIR spectroscopy and high-resolution HST/WFC3 
imaging in the rest-frame wavelength range between 1 150 and 8700 A. These data allow us to study a z > 1 GRB host in unprecedented 
detail and investigate the relation between GRB hosts and field galaxies. 

Methods. We avail of VUT/X- shooter optical/NIR spectroscopy to measure the metallicity, electron density, star-formation rate (SFR), 
and reddening of the host of GRB 080605. Specifically, we use different strong-line diagnostics to robustly measure the gas-phase 
metallicity within the interstellar medium (ISM) for the first time based on [N n] at this redshift. 

Results. The host of the energetic (Eyjso ~ 2 x 10^^ erg) GRB 080605 at z ~ 1.64 is a morphologically complex, vigorously star- 
forming galaxy with an He-derived SFR of 31^^^ MQyr"'. Its ISM is significantly enriched with metals. Specifically, [Nii]/Hq' = 
0.14 ± 0.02 which yields an oxygen abundance 12 + log(0/H) between 8.3 and 8.6 depending on the adopted strong-line calibrator. 
This corresponds to values in the range of 0.4 - 0.8 Zq. For its measured stellar mass (M, = 8.0^|j x 10' Mq) and SFR this value 
is consistent with the fundamental metallicity relation defined by star-forming field galaxies. The absence of strong Lya emission 
constrains the escape fraction of resonantly-scattered Lye photons to f^^^ < 0.08. 

Conclusions. Our observations provide a detailed picture of the conditions in the ISM of a highly star-forming galaxy with irregular 
morphology at z ~ 1.6. They include the first robust metallicity measurement based on [Nii] for a GRB host at z > 1 and directly 
illustrate that GRB hosts are not necessarily metal-poor, both on absolute scales as well as relative to their stellar mass and SFR. GRB 
hosts could thus be fair tracers of the population of ordinary star- forming galaxies at high redshift. 

Key words. Gamma-ray burst: general, individual: GRB 080605, ISM: abundances, Galaxies: star formation, high-redshift 
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1. Introduction 

The violent stellar explosion that gives rise to long y-ray bursts 
(see e.g., Piran 2004; Gehrels et al. 2009, for reviews) and their 
multi-wavelength afterglows has been firmly related to broad- 
line supernovae (SNe) of type Ic, and hence star-formation (SF), 
via the core-collapse of massive stars (e.g., Galama et al. 1998; 
Hjorth et al. 2003; Stanek et al. 2003; Malesani et al. 2004; 
Plan et al. 2006; Campana et al. 2006). The GRB's high-energy 
signature is very luminous, and unaffected by dust and there- 
fore pin-points regions of star-formation irrespective of galaxy 
brightness, dust obscuration and redshift. GRB-selected galax- 
ies hence provide a sample of high-redshift, star-forming galax- 
ies that is fully complementary to conventional survey studies. 

The luminous afterglows furthermore facilitate redshift mea- 
surements, and detailed investigation about the chemical compo- 
sition (e.g., SavagUo et al. 2003; Prochaska et al. 2006, 2009; de 
Ugarte Postigo et al. 2010) and the dust properties of the host 
(e.g., Galama & Wijers 2001; Kann et al. 2006; Schady et al. 
2007, 2010; Zafar et al. 2011). GRB hosts can hence be tar- 
geted with a known redshift, position and information about the 



* Based on observations made with telescopes at the European 
Southern Observatory at LaSilla/Paranal, Chile under program 087. B- 
0737(C). 



galaxy's interstellar medium (ISM) at hand, providing an inde- 
pendent diagnostic of galaxy evolution and star-formation. 

Notably at the highest redshifts (Greiner et al. 2009; Tanvir 
et al. 2009; Salvaterra et al. 2009; Cucchiara et al. 201 1), GRBs 
allow us to set observational constraints on the history of star- 
formation (e.g., Kistler et al. 2009; Robertson & Ellis 2012; 
Elliott et al. 2012), the galaxy luminosity function (Tanvir et al. 
2012; Basa et al. 2012) as well as on the nature of young and 
star-forming galaxies (e.g., Christensen et al. 2004; Chen et al. 
2009; Watson et al. 201 1) beyond the detection limit of state-of- 
the-art surveys. 

To represent a robust tool for cosmology and probe of star- 
formation, the physical conditions that lead to the formation 
of the GRB progenitor must be understood. As direct observa- 
tions of GRB progenitors akin to those of some SNe remain im- 
possible due to the cosmological distances, afterglow sight-line 
(e.g., Fynbo et al. 2009), spatially-resolved (e.g., Christensen 
et al. 2008; Thone et al. 2008; Levesque et al. 2011) or galaxy- 
integrated measurements (e.g., Graham et al. 2009; Chen 2012) 
provide the most constraining information on the kind of galactic 
environments GRBs occur in. 

However, the properties of an unbiased sample of long GRBs 
hosts are still largely unknown, and selection effects due to 
optically-dark bursts (Groot et al. 1998; Fynbo et al. 2001; 
Perley et al. 2009) arguably play a crucial role (e.g., Kriihler 
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et al. 2011; Perley et al. 2011a). Consequently, the conditions 
for the formation of GRBs, the relation between GRB hosts and 
field galaxies and the extent to which GRBs trace the cosmic 
SFR remain highly debated (e.g., Jakobsson et al. 2005; Fruchter 
et al. 2006; Kocevski et al. 2009; Campisi et al. 201 1; Kocevski 
& West 2011). 

Local galaxies hosting long GRBs tend to be of low stellar 
mass and metal content with respect to SDSS galaxies (Levesque 
et al. 2010a) as well as the hosts of core-collapse SNe (Fruchter 
et al. 2006; Modjaz et al. 2008), which has been interpreted 
as support for a limited chemical evolution of the GRB host 
- seemingly in line with metallicity constraints on the GRB 
progenitor from theoretical calculations based on the collapsar 
model (Woosley 1993; MacFadyen & Woosley 1999). These 
properties, however, are not indicative per-se of GRBs prefer- 
ring low-metallicity environments, but instead could be the re- 
sult of low-mass, low-metallicity galaxies dominating the local 
star- formation rate (Mannucci et al. 201 1). In fact, at higher red- 
shifts (see e.g., Levan et al. 2006; Berger et al. 2007) and in 
Swift GRB host samples with a better controlled selection a pop- 
ulation of red, luminous, high-mass hosts emerges (Rossi et al. 
2012; Hunt et al. 201 1; Chen et al. 201 1; Svensson et al. 2012). 

A fundamental characteristic of (GRB-selected) galaxies is 
their gas-phase metallicity, and in particular whether they fol- 
low the relation between stellar mass (M,), metallicity (Z) and 
SFR defined by local field galaxies (Mannucci et al. 2010; Lara- 
Lopez et al. 2010). However, observational access to the metal- 
licity of GRB hosts remained largely elusive, and robust con- 
straints are only available up to z ~ 1 (Savaglio et al. 2009; 
Levesque et al. 2010a). This is largely due to the absence of 
efficient NIR spectrographs, as important tracers of metallicity 
(such as [Nil] (/i6584) and Ha), are redshifted into the NIR 
wavelength regime above z ~ 0.5. 

Here we present optical/NIR observations of the galaxy host- 
ing GRB 080605 at z = 1.64 obtained with the X-shooter spec- 
trograph at the Very Large Telescope (VLT), and NIR imaging 
with HST/WFC3 and LIRIS mounted at the William Herschel 
Telescope (WHT). The spectroscopic observations probe the 
rest-frame wavelength range between 1150 and 8700 A and re- 
veal a wealth of emission lines including Wfi, [Om], Ha and 
[Nil] (^6584). 

GRB 080605 (Sbamfatti et al. 2008) was initially detected 
by the Swift satellite (Gehrels et al. 2004), and its optical/NIR af- 
terglow was readily identified (Kann et al. 2008; Clemens et al. 
2008). Spectroscopy of the afterglow was obtained with FORS2 
at the VLT which yields a redshift of z = 1.6403 (Jakobsson 
et al. 2008; Fynbo et al. 2009). The optical/NIR afterglow is 
characterized by the presence of significant amounts of dust 
with Av ~ 0.5 mag (Greiner et al. 2011; Zafai- et al. 2011), in- 
cluding evidence of a 2175 A feature (Zafar et al. 2012). The 
2175 A dust bump is a common characteristic observed along 
sight-lines through the Milky-Way. It becomes weaker in the 
Large Magellanic Cloud, and is absent from most sight-lines 
through the Small Magellanic Cloud. It is only rarely observed 
towards high-redshift environments such as quasars or absorbing 
systems, but common along sight-lines to highly extinguished 
afterglows (e.g. Kruhler et al. 2008; Eliasdottir et al. 2009; Zafar 
et al. 201 1 ; Perley et al. 201 lb). The carrier of the bump is cur- 
rently not fully understood with graphite and polycyclic aro- 
matic hydrocarbons being primary candidates (see e.g., Draine 
2003, for a review). 

We adopt the concordance (D.m - 0.27, Oa - 0.73, Hq - 
71 kms^'Mpc"') ACDM cosmology. All errors are given at 
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Fig. 1. Finding chart (8" x 8") for the host of GRB 080605 as imaged 
with HST/WFC3. The afterglow position and its uncertainty are indi- 
cated by a red circle, and the different components are labeled A and 
B. The barycenter of each component is indicated by a white cross. The 
geometry of X-shooter's UVB slit with width of I'.'O is illustrated by 
dashed black lines. The VIS and NIR slit have the same orientation but 
a width of 0'.'9. Logarithmically spaced contours are shown in white 
lines. 



Icr confidence levels. All magnitudes are given in the AB sys- 
tem and are corrected for the Galactic reddening of Eb-v - 
0.137 mag (Schlegel et al. 1998). The solar oxygen abundance 
is assumed to be 12 + log(0/H) = 8.69 (Asplund et al. 2009) 
throughout this work. Wavelengths are given in vacuum and the 
redshifts in the heUocentric system. 

2. Observations and data reduction 

2. 1 . Space-based imaging 

The host of GRB 080605 was observed with the Hubble Space 
Telescope (HST) and Wide Field Camera 3 (WFC3) as part of a 
snapshot program targeting GRB hosts (PI: A. J. Levan, Proposal 
ID: 12307) on 2012-02-22. HST imaging (see Figure 1) was ob- 
tained in the F160W filter in a three-point dither pattern resulting 
in a total exposure time of 1209 s. Individual images (pixel scale 
O'.'128/px.) were drizzled to an output image with a pixel scale 
of 0'.'08 per pixel. Using several unsaturated stars in the field of 
view we measure a FWHM of the stellar PSF of 2.6 ±0.1 px, 
which is O'.'21+O'.'Ol. 

To accurately locate the position of the afterglow within its 
host, we first used a GROND afterglow image from Greiner et al. 
(2011) and calibrated it astrometrically against ~ 80 sources 
from the USNO catalog. This sets the absolute astrometric scale 
with an accuracy of around 0'.'4 in each coordinate. The un- 
certainty introduced by centroiding errors of the afterglow is 
a; 15 mas. Afterwards, we registered a deeper GROND host 
image (Kriihler et al. 2011) against the afterglow image using 
common field stars. The mapping uncertainty between the two 
GROND images is 20 mas. Finally, we used fainter stars from 
the host image that are unsaturated in the WFC3 frame to tie the 
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Table 1. Photometric measurements. 



Instrument 


Filter 


Exposure (s) 


Brightness (mag)'"' 


HST/WFC3 


F160W 


1209 


(A) 22.38 ± 0.05 

(B) 23.13 ±0.06 
(A &B) 21.96 ±0.04 


LIRIS 


J 


1980 


(A & B) 22.2 ± 0.3 


LIRIS 


K. 


2520 


(A &B) 21.8 ±0.3 



*"' All magnitudes are in the AB system and corrected for a Galactic 
foreground extinction corresponding to a reddening of Eg^y = 
0.137 mag (Schlegel et al. 1998). 



space- to the ground-based imaging. In the last step the RMS- 
scatter of stellar positions is 60 mas in each coordinate, which 
dominates the total relative accuracy (65 mas) of the position of 
the afterglow within its host. 

The host of GRB 080605 is clearly extended in the N/E 
direction in the HST imaging, and consists of two, somewhat 
blended components A and B (Fig. 1) with a projected distance 
of I'.'O between the brightest pixel of each component (corre- 
sponding to 8.6 kpc at z = 1.641). Photometry (see Table 1) was 
derived using elliptical Kron magnitudes via Sextractor (Bertin 
& Arnouts 1996), an aperture correction of 6 ± 4% to the total 
flux (Graham & Driver 2005) and the tabulated HST/WFC3 ze- 
ropoints' from March 06, 2012. Deblending parameters were set 
one time to measure the integrated flux of the both components 
to be comparable to the ground based imaging, and a second 
time to measure the flux contribution of the individual host com- 
ponents (see also Table 1). Given the small angular separation, 
the two components are not resolved in our ground-based imag- 
ing. 

2.2. Ground-based imaging 

The field of the host of GRB 080605 was also imaged with the 
LIRIS instrument (Manchado et al. 2004) mounted at the 4.2 m 
WHT We obtained a total of 0.55 hr of exposures in the J (aver- 
age FWHM of the stellar PSF is 1'.'4), and 0.70 hr in the K,-hand 
(average FWHM of the stellar PSF is I'.'O) at airmasses between 
1.3 and 2.0. The data were reduced and photometry was per- 
formed within pyraf/IRAF (Tody 1993) in a standard manner. 
Absolute calibration was obtained against roughly 40 field stars 
with magnitudes from the 2MASS catalog. This procedure re- 
sulted in an absolute photometric accuracy of around 0.05 mag in 
the J, and 0.07 mag in the K band, which is negligible compared 
to the error introduced by photon statistics. The LIRIS photom- 
etry is summarized in Table 1 . 

2.3. X-sliooter optical/NIR spectroscopy 

X-shooter (D'Odorico et al. 2006; Vemet et al. 201 1) at the VLT 
observed the host of GRB 080605 starting at 08:22 UT on 201 1- 
04-26 for a total exposure time of 0.98 hr in the ultra-violet/blue 
(UVB), 1.01 hr in the visual (VIS), and 1.00 hr in the NIR arm, 
respectively. Spectroscopy was obtained with slit widths of I'.'O 
(UVB), and 0'.'9 (VIS and NIR), which results in resolving pow- 
ers of A/AA » 5100, 8800 and 5100 for the three arms. The 
geometry of the slit is illustrated in Figure 1 . 

Sky conditions were clear with an average seeing of I'.'l. In 
total, four nodded exposures in the sequence ABBA were ob- 



tained. In each nodding position a single UVB and VIS frame 
(885 and 910 s exposure time each), and three NIR frames (300 s 
exposure time each) were taken. Data were reduced with the 
X-shooter pipeline v. 1.5.0 (Goldoni et al. 2006) in physical 
mode, and the spectra were extracted using an optimal, variance- 
weighted method in IRAF (Tody 1993). 

The wavelength-solution was obtained against ThAr arc- 
lamp frames leaving residuals of around 0.2 pixel which cor- 
responds to 6 km s ' at 10000 A. Flux-calibration was per- 
formed against the spectro-photometric standard LTT7987^ ob- 
served during the same night at 09:46 UT, immediately after the 
science exposures. 

The stellar continuum of the host of GRB 080605 is detected 
in the X-shooter spectrum with a S/N ^ 0.3-0.9 per pixel in parts 
of the UVB (3600 A to 5500 A) and VIS (5600 A to 9800 A). 
Within the NIR arm the continuum is only marginally seen in the 
J and H bands with S/N ~ 0.1-0.2 per pixel due to X-shooter's 
lower sensitivity in this wavelength range. The host is undetected 
in the wavelength range of the TT-band with a S/N smaller than 
~ 0. 1 per pixel. 

A robust flux-calibration within the broad wavelength range 
of X-shooter's sensitivity is challenging. We hence further cor- 
rected the flux-calibrated X-shooter spectrum in the UVB and 
VIS arms by integrating it over the filter curves of GROND 
(Greiner et al. 2008) and HST and matching it to the available 
host photometry (Kriihler et al. 2011). This procedure results in 
scaling factors of around 1.63 ± 0.09 for the g'-band in the UVB 
arm (a! 4590 A), and 1.56 ±0.13, 1.35 + 0.12 and 1.26 + 0.14 for 
the r', i' and z' band at 6220, 7640 and 8990 A, respectively. For 
the NIR arm, we derive factors of 1 .4 ± 0.4 for the /-band and 
1.4 ± 0.2 for the F160W-band. Due to the non-detection of the 
continuum in the /T-band, no correction can be obtained between 
18 000 and 23 000 A, but no emission lines are detected in this 
wavelength regime. 

We further tested the absolute flux calibration and its inter- 
and intra-arm continuity via observations of telluric standard 
stars taken on the same night. We find that the absolute flux of 
the telluric is typically recovered within uncertainties of 30%, 
while its spectral shape is robust to an accuracy better than 15% 
within each arm. 



3. Results 

3.1. Host galaxy system and afterglow position 

The system hosting GRB 080605 consists of two components A 
and B (see Fig. 1) with barycentric coordinates of RA (J2000) 
= 17:28:30.05, decl. (J2000) = +04:00:56.2 for component A 
and RA (J2000) = 17:28:30.02, decl. (J2000) = +04:00:55.3 for 
component B, respectively. The half-light radii re in the observed 
F160W-band (rest-frame ~ 5800 A) for the two components are 
marginally resolved ('''^,..„ • ~ 0*.' 19 or 1.6 kpc, r^ • ~ 0'/26 
or 2.2 kpc). The half-light radius for the total host complex is 
'■e.5800A = O'-'^l or 3.5 kpc. 

The afterglow position coincides with the center of compo- 
nent A (Figure 1). Within our astro me trie accuracy of 65 mas, no 
significant offset is detected and we conclude that the GRB ex- 
ploded within a projected distance of 900 pc (90% confidence) 
to the central region of component A. 



http : //www . stsci . edu/hst/wf c3/phot_zp_lbn 



^ http : //www . eso . org/sci/facilities/paranal/ 
instrunients/xshooter/tools/specphot-list .html 
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Table 2. Host parameters from stellar population synthesis modeling. 



13200 



13220 13240 17320 „ 17340 

Observed wavelength (A) 



17360 



Fig. 2. Two-dimensional cutouts of the X-shooter NIR spectrum cen- 
tered on the observed wavelength of [Oin](/i5007) and Ha. Skylines 
are indicated with grey shading. Linearly spaced contours are shown in 
red lines. 



3.2. Emission line profile 

The X-shooter spectrum of the host galaxy of GRB 080605 cov- 
ers the wavelength range between 3050 and 23 000 A (rest-frame 
1 150 and 8700 A) and is rich in emission lines. The emission 
lines are identified as the doublets of [On], [Oiii], [Sii], [Nii], 
as well as Ha, H/3, and [O i] . The significance of the detection of 
the Balmer lines, [Oiii], [On] and [Nn] (/1 6584) is > 8cr, while 
it is between 2 and 4cr for [Nn] (A654S), the [S n] doublet, and 
[Oi](^6366). 

The two emission lines detected at the highest S/N 
([Oni] (A50Q1) and Ha, see also Section 3.4) are marginally 
tilted, reflecting the contributions of component A and B. 
Figure 2 shows the two-dimensional cutouts centered at the 
wavelength of the [Oni] (A5Q07) and Ha lines. They define 
heliocentric^ redshifts of za = 1.64104 + 0.00004 and zb = 
1.64083 + 0.00007 measured from the peak of the emission 
lines. These values correspond to a separation of Av ~ 20km s ' 
(Figures 1 and 2). 

For the fainter emission lines, we lack signal-to-noise ra- 
tio in our X-shooter spectrum and individual contributions of 
components A and B are strongly blended and can not be re- 
solved. Similar to the ground-based photometry, we will thus 
report line-fluxes integrated over the complete host galaxy com- 
plex (Section 3.4) in the following. 

3.3. Host SED 

Fitting the HST and LIRIS NIR photometry of the entire host 
system together with published broad-band magnitudes (see 
Kruhler et al. 201 1, for details) in LePhare"* (Arnouts et al. 1999; 
Ilbert et al. 2006) yields the galaxy parameters listed in Table 2. 
Here we assumed models from Bruzual & Chariot (2003) based 
on an initial mass function (IMF) from Chabrier (2003) and a 
Calzetti dust attenuation law (Calzetti 2001). Given that both 
method and data are largely unchanged, these values are only 
slightly refined with respect to those computed by Kruhler et al. 
(2011). 

3.4. Emission line fluxes 

In the measurement of emission line fluxes (Table 3), the red- 
shift (i.e., line centroids) and line widths were fitted simulta- 
neously by tying weak emission lines to those detected at high 
S/N. In detail, we linked the parameters of the two components 
of the [O n] doublet in the visual arm, as well as the Gaussian 



Absolute magnitude Mb (magAs) 

Age (Gyr) 

Effective reddening E^'^y (mag) 

M, (10" Mq) 

SFRsED(Moyr-') 

sSFRsED (Gyr-') 



-22.4 ±0.1 
19+""" 

8.0!li 

49+26 
A+5 



^ The heliocentric correction in the direction of GRB 080605 is 
19 km s"' for our observations. 
'' http : //www . cfht . hawaii . edu/~arnouts/lephare . html 



widths and centroids of the various emission lines in the NIR 
arm. Although the emission of the forbidden and recombination 
lines does not necessarily aiise from the same physical compo- 
nents, the assumption of a common redshift and line width pro- 
vides a fair approximation and a good fit to the data (Fig. 3). 
The robustness of the procedure is further supported by, within 
errors, unchanged line parameters, fluxes and flux ratios when 
using different combination of ties (i.e., free FWHM, tying H/3 
to [O ni] (/15007) or all lines except [O n] to each other) or allow- 
ing for multiple Gaussians components in the individual lines. 

In addition, we cross-checked our method by numerically 
integrating the flux of the emission lines. Here, errors were esti- 
mated via Monte-Carlo techniques. This results in values that are 
consistent with those of the Gaussian fitting at 2cr confidence, 
but is more sensitive to skylines and small-scale irregularities in 
the data. It further disregards the physical information of a com- 
mon redshift, and hence results in larger eiTors than the Gaussian 
fitting in particular for lines with low S/N, or those affected by 
skylines. We thus report fit-based values in Table 3. Our conclu- 
sions remain unchanged when using different Gaussian fitting 
methods or numerical integration techniques for the line flux 
measurements. 

From the observed FWHM of the [O n] doublet (^ 5 A), and 
assuming a resolving power of 8800 of X-shooter's VIS arm, we 
derive a measured velocity dispersion cr of around cr ~ 50 km s"' 
for the host galaxy complex, comparable to star-forming sys- 
tems of similar mass observed through gravitational lenses (e.g., 
Christensen et al. 2010). 

We do not detect significant emission from the resonant Lya 
transition. Using the redshift, and assuming an intrinsic FWHM 
of twice the recombination lines (e.g., Fynbo et al. 2010), we 
set a limit on the Lya flux of 4.7 x lO^'^ergcm"^ s"' (7.6 x 
10"'^ erg cm"^ s"' after matching the spectrum to photometry) at 
the redshifted Lya wavelength of 3210 A. It is estimated from an 
artificial emission line added on top of the sky contribution at the 
respective wavelength range, folded with the error spectrum and 
represents the flux that is detected at a combined S/N > 3 in 99% 
of all iterations. Similar limits are obtained when allowing for 
an offset of several ten to few hundreds of kms"' for Lya with 
respect to the recombination lines (Milvang-Jensen et al. 2012). 
The non-detection of Lya is further discussed in Section 4.4. 

In the further analysis, we matched the spectrum to broad- 
band photometry (see Section 2.3), and applied when appro- 
priate the coiTection for an average stellar Balmer absorption 
using a rest-frame equivalent width of 1 A (Cowie & Barger 
2008; Zahid et al. 2011), and for host galaxy extinction us- 
ing the Balmer decrement (see Section 3.5). The coiTesponding 
wavelength-dependent factors are shown in Table 3. 

Comparing the emission line ratios of [Oiii]/H/3 versus 
[Nn] (/16584)/Ha against standard diagnostic relations (e.g., 
Kewley et al. 2001; Kauffmann et al. 2003), a significant contri- 
bution of an AGN to the host emission of GRB 080605 is readily 
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12810 12840 12870 12900 13110 13140 13170 13200 
Observed wavelength [A] 



13230 




17280 17310 17340 17370 17400 ' ' 17730 17760 17790 

Observed wavelength [A] 

Fig. 3. Continuum-subtracted emission lines used to determine the gas-phase metallicity in the X-shooter spectrum, as well as the [S ii] doublet. 
The black line shows the raw spectrum including errors, and the red-shaded areas denote the 90% confidence region of the fit of the emission lines 
using Gaussians. Grey shaded areas denote wavelength regions that have been omitted in the fitting due to skyline contamination. 



excluded. Measurements of emission line fluxes and upper limits 
are reported in Table 3. 



3.5. Balmer decrement 

The ratio between the Balmer lines Ha and H/3 is a tracer of 
the visual extinction towards the Hn regions. We used the re- 
spective photometry-matched and stellar Balmer absorption cor- 
rected line fluxes to derive the intrinsic Balmer ratio, which is 
a direct measure of the selective reddening, or the total visual 
extinction under the assumption of a specific extinction law (and 
treating the Hii regions as point-like). This probes a different 
physical quantity than the reddening value inferred from fitting 
the galaxy's SED from Table 2, as the SED modeling is sensitive 
to the attenuation of the stellar component which depends on the 
topology of the ISM and dust and galaxy geometry (e.g., Pierini 
et al. 2004). 

Under standard assumptions of electron density (10^ cm"^ < 
ne ^ 10"* cm"^, see also Sect. 3.6) and temperature (T^ ~ 10"* K) 
for case B recombination (Osterbrock 1989), the Balmer ratio in- 
dicates an average reddening towards the Hii regions of E^^^y - 
Q.Ol^QQ^ mag. This corresponds to A^'^ = 0.22;^g22 mag when 
assuming a MW-type extinction law with Ry = 3.1 (Cardelli 



et al. 1989). The reddening corrections according to the Balmer 
decrement for all emission lines except Lya are fairly robust 
and independent on the assumption of a specific extinction law, 
as there is little difference within the wavelength range of the 
Balmer lines between sight-lines through local galaxies (e.g., Pei 
1992) or with respect to extra-galactic extinction laws derived 
from GRB afterglows (Schady et al. 2012). 



3.6. Electron density 



The flux ratio between the two components of the [O ii] doublet 
is sensitive to the electron density (Osterbrock & Ferland 2006). 
Individual components are resolved and well detected because of 
the high spectral resolution of X-shooter (see Fig. 4). Assuming 
an electron temperate T,, of 10"^ K, we derive an electron density 
of He ~ 200 cm"''. This value is typical for Galactic Hii regions 
(e.g., Copetti et al. 2000). The low significance of the detection 
of the [S ii] doublet (see Fig. 3) prevents meaningful constraints 
on the electron density based on [S ii]. 



T. Kruhler et al.: Metallicity of the host of GRB 080605 at z ~ 1.6 



Table 3. Emission lines in the X-shooter spectrum. 



Transition 


Wavelength*"* 


Flux<*> 


Correction'"^' 


Lya 


1215 


<4.7 


3 ?+'■« 

1 8* 

1 s+i'o 

\> 

^■'-0.4 


[On] 
[On] 


3727 
3730 
4863 


10.6 ±0.6 
12.2 ±0.9 
7.2 ±0.5 


[Om] 


4960 


6.5 ±0.4 


[Oin] 


5008 


21.6 ±0.6 


[Oi] 


6366 


1.6 ±0.4 


[Nn] 


6550 


0.8 ±0.4 


1 6+"'' 

l.U Q3 


Ha 


6565 


22.4 ±1.0 


1.6+°'^ 
1 6+''-* 


[Nn] 


6585 


3.2 ±0.4 


[Sn] 


6718 


1.2 ±0.4 


1.6+''-* 
1 6+''-* 

1.0_o3 


[Sn] 


6733 


0.9 ± 0.4 



*"' Rest-frame vacuum wavelength in units of A. 

**' Galactic extinction corrected flux in units of 10"" erg s"' cm 

flux is quoted as measured in the X-shooter spectrum (without 

correction). The flux error is statistical only, and does not contain the 

error of the absolute flux calibration. 

''■' The given correction includes the matching factor to broad-band 

photometry, stellar Balmer absorption if applicable, and reddening 

according to the Balmer line ratio. These factors are not independent. 

In particular it was assumed that [N n] and Ha, for example, have 

identical values (except for the Balmer absorption). 
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Fig. 4. The continuum-subtracted [O ii] (AA 3726 3729) doublet. Lines 
and shadings are the same as in Fig. 3. 



3.7. Star-formation rate 

Emission line fluxes of Ha and [On], as well as the UV contin- 
uum flux trace the un-obscured star-formation within a galaxy 
(Kennicutt 1998; Kewley et al. 2004). The Ho'-derived value 
presents the most reliable optical indicator of a galaxy's SFR, 
as it is independent of metal abundances, and less sensitive to 
the uncertainties in the visual extinction than the other meth- 
ods. SFR values depend quite strongly on the assumption of the 
IMF. In the following, we report values based on the initial for- 
mulation of the SFR from Kennicutt (1998), but converted to a 



Chabrier IMF (Chabrier 2003)^ Based on Ha, the SFR of the 
host of GRB 080605 is SFRh„ = 31^1^ MQyrK Here we used 
correction-factor and its error (see Tab. 3), and thus include the 
uncertainty in the flux calibration and host-intrinsic reddening. 
SFRs from [O ii] (SFR^onj = 55+| Mq yr"') and the SED mod- 
eling (SFRsED = 49^ J 3 Mq yr"') are within the larger uncertain- 
ties in good agreement with the He-derived value. 

Optically derived SFRs do not provide a full picture of the to- 
tal (obscured and unobscured) star-formation in a galaxy. Based 
on sub-mm and radio measurements, there is evidence that the 
total SFR of few GRB-selected galaxies can be around or even 
higher than lOOM0yr"' (e.g., Berger et al. 2003; Tanvir et al. 
2004; Michalowski et al. 2012). The sample of sub-mm detected 
GRB hosts, however, is still very limited (e.g., Michalowski et al. 
2008), and a full census of the actual SFR of GRB hosts will 
have to await the advent of statistically representative samples 
observed with sensitive far-infrared, sub-mm or radio observato- 
ries such as Herschel, ALMA or the eVLA. 

Despite these limitations, optically-derived SFRs are well- 
established tools for the characterization of galaxies. We will 
thus put the host of GRB 080605 into the context of SFRs from 
field galaxies derived in a similar manner, with the caveat that 
the reported SFRs might trace only a fraction of the total SFR of 
a given galaxy. 

Together with the stellar mass measurement of M* = 
8.0!}-^ X 1O''M0, the specific SFR (sSFRh^ = SFRhJM.) and 
growth timescale t = l/sSFRea are 4 Gyr"' and 260 Myr, re- 
spectively, making the host of GRB 080605 a highly active and 
star-bursting galaxy. 



3.8. Metallicity 

The gas-phase metallicity of galaxies is typically measured using 
different diagnostic ratios of emission lines originating in H ii re- 
gions (see e.g., Kewley & Ellison 2008, and references therein). 
Most commonly used are the R23 calibrator, that requires mea- 
surements of line fluxes from [On], [Oiii] and H/3 (Pagel et al. 
1979; McGaugh 1991; Kobulnicky & Kewley 2004), the 03N2 
and N2 diagnostics which uses ratios of [Oiii], and Hfi, and/or 
[N 11] and Ho- (Alloin et al. 1979; Pettini & Pagel 2004), and the 
N202 indicator via [On] and [Nn] (Kewley & Dopita 2002). 
For a detailed description on the individual strong-line diagnos- 
tics we refer to Kewley & Ellison (2008). 

The R23 method is double-valued but its degeneracy can be 
broken via the line ratios of [N n]/HQ' or [N 11] /[0 11]. In our case, 
[N n]/HQ' = 0.14 + 0.02 and [N ii]/[0 11] = 0.10 + 0.04. The sig- 
nificant flux detected in [N n] strongly points to the upper branch 
solution. Similarly, the N202 ratio is only applicable for high 
metalHcities with log([N ii]/[0 11]) > -1.2. Due to the large dif- 
ference in wavelength of the lines used by N202 and R23,, their 
values are sensitive to the reddening in the host and wavelength- 
dependent eiTors in the flux calibration. 

Both the 03N2 (see Eq. 1) and N2 methods, however, use 
flux ratios of adjacent emission lines, which are relatively close 
in wavelength space, and in our case are all within the NIR arm. 
The observed lines of [Oni] and Hfi are located in the J, and 
[Nn] and Ha in the //-band. Errors in the flux calibration or 
systematic uncertainties due to flat-fielding, slit-Iosses, intrinsic 
host extinction or reddening in the Galaxy are hence not going 
to affect the overall metallicity measurement in this case. 



' Assuming a Salpeter IMF would increase all SFR estimates by a 
factor of K 1.7 (e.g., Forster Schreiber et al. 2009). 
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Based on 03N2, for example, 
(Pettini & Pagel 2004): 

12 + log(0/H) = 8.73 - 0.32 x log 



the oxygen abundance is 4.1 



The host of GRB 080605 within the sample of GRB 
hosts 



F[Oiii](i5OO7)/FH0 

F[Nii](^6584)/Fhq' 



(1) 



which is 12+log(0/H) = 8.31+0.02 for GRB 080605. Using the 
N2, R23 and N202 strong-line indicators, the oxygen abundance 
is 12+log(0/H) = 8.36±0.03forN2, 12+log(0/H) = 8.45+JJ-^^ 
for R2i, and 12 + log(0/H) = 8.60+j; [^ for N202. Here, all er- 
rors are based on the uncertainties of the line flux measurement 
and the correction factor only (see Table 3), and do not include 
the systematic error inherent to the calibrator. Errors correctly 
reflect the larger uncertainty in the strong-line diagnostics that 
include flux ratios between lines in different wavelength regimes 
(R23 and N202). Oxygen abundances based on different indica- 
tors are further summarized in Table 4. We use the appropriate 
diagnostics when comparing to literature values. 



4. Discussion 

The metallicity of GRB hosts is measured either directly in ab- 
sorption using the bright afterglow emission, or, as in this work, 
in emission via host galaxy spectroscopy and strong-line diag- 
nostics. In the former case, measurements are typically restricted 
to z > 2 (e.g., Jakobsson et al. 2006; Savaglio 2006), while 
the latter case requires NIR spectroscopy for z > 1. Emission 
line metallicities are calibrated on local samples, and hence de- 
pend on the assumption that the physical processes underly- 
ing these diagnostic ratios are still valid at high redshift. There 
is hence considerable systematic uncertainty between metallic- 
ities derived directly in absorption or through emission lines. 
Furthermore, metallicity measurements at high-redshift via the 
different techniques are available for only a few objects. They 
tend to agree reasonably well (see e.g., Dessauges-Zavadsky 
et al. 2010), but systematic effects in a direct comparison remain 
hard to quantify until larger samples of objects with both, ISM 
as well as gas-phase metallicities, become available. 

Our measurement of the gas-phase metallicity of the host of 
GRB 080605 represents a first view into the metal abundances of 
GRB hosts in the redshift range 1 < z < 2 (Fig. 5). Generally, the 
distribution in metallicity as inferred from GRB-DLAs shows 
a large dispersion with values 0.01 < Z/Zq (Vreeswijk et al. 
2004; Prochaska et al. 2008; Rau et al. 2010) to solar or even 
super-solar (Prochaska et al. 2009; Savaglio et al. 2003, 2012). 
A similar spread in metallicities is also found in hydrodynamical 
solutions of individual sight-lines through GRB hosts (Pontzen 
et al. 2010). The metallicity derived from afterglow spectroscopy 
could be dominated by sight-line eff'ects, and large samples 
might be required to assess the general properties of GRB hosts 
via afterglow spectroscopy in a statistical approach. 

Host-integrated metallicities via emission lines should there- 
fore give a more self-contained picture of the metal-enrichment 
of the ISM in high-redshift GRB hosts. Galaxy metallicity mea- 
surements are however challenging observationally in a stellar 
mass range around or below 10'" M0, and thus still sparse, in 
particular at z > 1 . Current GRB host samples are furthermore 
subject to complex selection biases (Kruhler et al. 2011), which 
are only resolved through statistical samples of high complete- 
ness (e.g., Fynbo et al. 2009; Cenko et al. 2009; Greiner et al. 
2011; Salvaterra et al. 2012; Hjorth et al. 2012). Consequently, 
a consistent picture of the relation between galaxies selected 
through GRBs and normal field galaxies is not yet reached. 



With respect to previous GRB host galaxies, the metallicity, stel- 
lar mass and star-formation rate of the host of GRB 080605 are 
relatively high (see Fig. 5). With a metallicity around half solar, 
a stellar mass of 8 x lO** Mq and SFR ~ 30 Mq yv'\ it is signif- 
icantly enriched with metals and vigorously forming stars. This 
contradicts the suggestion, that an upper metallicity limit*" for 
cosmological, z > 1, GRBs of Z < 0.2 Zq exists (Stanek et al. 
2006). 

The substantial gas-phase metallicity of the host is even 
more intriguing, as GRB 080605 itself is energetic. The in- 
ferred isotropic-equivalent energy release in y-rays is fiy^so ~ 
2.2 X lO^-' erg as calculated from the prompt emission data from 
Golenetskii et al. (2008). This value puts GRB 080605 within 
the most-energetic 15% of all Swift bursts (Butler et al. 2007, 
2010). 

A connection between host metallicity and y-ray energy re- 
lease of the GRB, or a metallicity cut-off might be expected in 
the coUapsar scenario (Woosley 1993; MacFadyen & Woosley 
1999), for example. Progenitor stars with lower metallicities 
are likely to have higher angular momentum due to smaller 
wind losses, and thus result in a more energetic explosion (e.g., 
Hirschi et al. 2005; Yoon & Langer 2005). An energetic burst 
such as GRB 080605 would hence be more likely in a low- 
metallicity environment, in contrast to our observations. Our 
observations are, however, in line with the work of Wolf & 
Podsiadlowski (2007) and Levesque et al. (2010b), who find no 
correlation between Ejiso and host metallicity in 18 GRBs at 
z< 1. 

The role of metallicity in long GRB progenitors is thus far 
from being understood. The metallicity distribution of a repre- 
sentative GRB host sample will indirectly also allow us to put 
constraints on the metal content of the progenitor. For example, 
complex scenarios of stellar evolution, or binary models for the 
formation of long GRBs (e.g.. Fryer et al. 1999) can both relax 
the constraints on progenitor metallicity. In addition, even within 
a metal-rich galaxy a metal-poor progenitor could in principle 
form in specific regions of fairly primordial chemical composi- 
tion such as gas inflows or in (merging) galaxies with substantial 
diversity in their metal enrichment. To first order, however, the 
gas-phase, i.e., Hii-region averaged, metallicity should provide 
a fair representation of the chemical evolution of the galaxy as a 
whole. 

The galaxy hosting GRB 080605 has indeed a disturbed mor- 
phology, indicative of an early merger or intrinsically clumpy 
structure. A merger could have also triggered the enhanced star 
formation of the host of GRB 080605 when compared to GRB 
hosts at low redshift (e.g., Savaglio et al. 2009; Levesque et al. 
2010a). GRB hosts with similar SFR, however, might not be un- 
common at z > 1 . A good fraction of X-ray selected GRB hosts 
at 1 < z < 2 has observed /?-band brightnesses (probing the rest 
frame UV) in a range between 24 mag and 22.5 mag (Malesani 
et al. 2009) indicating dust un-corrected SFRs up to 10 MQyr"' . 
Already mild dust-attenuation in the host can easily increase this 
to values of 50 M0yr"' or even higher, illustrating that GRB 
hosts with SFRs significantly above 10 MQyr"' are not an ex- 
ceptionally rare phenomenon at z > 1 (see also e.g., Fynbo et al. 
2005; Chen et al. 201 1; Kriihler et al. 201 1; Savaglio et al. 2012). 

* Adopted to our reference solar oxygen abundance. 
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Table 4. Oxygen abundances based on different strong-hne indicators 



Indicator 


Lines / Methods 


12 + log(0/H) 


Z/Zq 


Uncertainty*"' (dex) 


References**' 


^23 


[Oii](3727), H/3, [Oiii](5007) 


8 45+"'" 


0.63 ±0.15 


0.15 


(1), (2), (3) 




[Oii](3727), H/3, [Oiii](5007) 


0.64 ±0.17 


-0.1 


(4,6) 


03N2 


HyS, [Oiii](5007), Ha, [Nii](6584) 


8.31 ±0.02 


0.42 ± 0.02 


0.14 


(5) 




[Oiii](5007), [Nn](6584) 


8.46 ±0.10 


0.59t!^ 


0.24 


(6) 


N2 


Ho-, [Nn](6584) 


8.36 ±0.03 


0.47 ± 0.04 


0.18 


(5) 




Ho-, [Nil] (65 84) 


8.52 ± 0.06 


0.68!«| 
0.82i| 


0.12 


(6) 


N202 


[Oii](3727), [Nii](6584) 


8.60!°;1^ 


-0.1 


(7) 




[Oii](3727)[Nn](6584) 


8.53!°i^ 


0.10 


(6) 


Combined fit 


R23, 03N2, N2, N202 


8.52 ± 0.09 


0.68^!^ 


included 


(4), (6), (8) 



*"' Systematic Icr scatter inherent to the diagnostic line ratio. 

<*' References for the indicator: (1) Pagel et al. (1979); (2) McGaugh (1991); (3) Kobulnicky & Kewley (2004); (4) Maiohno et al. (2008); (5) 

Pettini & Pagel (2004); (6) Nagao et al. (2006); (7) Kewley & Dopita (2002); (8) Mannucci et al. (201 1). 



4.2. Afterglow versus host properties 

The substantial gas-phase metallicity of Z ~ Zq/2 might di- 
rectly relate to the substantial Ay ~ 0.5 mag including the pres- 
ence of the 2175 A dust feature as observed in the afterglow 
SED (Greiner et al. 2011) and spectrum (Zafar et al. 2012). A 
metallicity of around solar was also inferred from GRB-DLAs 
for GRBs 070802 and 080607, both of which were substantially 
reddened, and had 2175 A dust features (Eliasdottir et al. 2009; 
Prochaska et al. 2009; Perley et al. 2011b) as well. This seems 
to support the association between the 2175 A bump and chemi- 
cally evolved galaxies (e.g., Noll et al. 2009). With only a small 
handful of such events, however, no strong conclusions can be 
drawn, yet. 

4.3. The mass-metallicity relation atz ~2 

Having the key parameters of stellar mass, metallicity and SFR 
of the host of GRB 080605 at hand, we can now investigate its 
relation to the mass-metallicity (Mt-Z) relation atz ~ 2 (e.g., Erb 
et al. 2006). A further basic property is the host's location with 
respect to the fundamental metallicity relation (FMR) defined by 
SDSS galaxies in a mass range between 9.2 < log(M,) < 11.4. 
The FMR connects M., 12+log(0/H), and SFR (Mannucci et al. 
2010) via: 



12 + log(0/H) = 8.90 + 0.47 x (//0.32 - 10) 



(2) 



where ^^0.32 = log(M. [M©]) - 0.32 x log(SFRH„ [Moyr-i]). 
The oxygen abundance for GRB 080605 on the Mannucci et al. 
(2010, 2011) scale is 12 + log(0/H) = 8.52 ± 0.09. The 
value derived from M, and SFR via Eq. 2 is consistent with it 
(12-i-log(0/H) = 8.63 ±0.08). Errors are again based on the sta- 
tistical uncertainty of line-flux measurement, correction factor 
and stellar mass only^. 

This establishes the host of GRB 080605 as a star-forming 
galaxy which has no significant deficit of metals with respect to 
star-forming galaxies at low redshift for its given mass and SFR. 
Or, conversely, the selection through the energetic GRB 080605 
does not lead to its host being metal-poor with respect to field 
galaxies of comparable stellar mass and SFR. 

The host of GRB 080605 hence provides the opportunity to 
probe the mass-metallicity relation at z ~ 2 (e.g., Erb et al. 2006) 



' A systematic error on the stellar mass estimate of ±0.2 dex., for 
example, would translate into additional systematic errors of ±0.12 on 
the derived metallicity. 



at lower stellar masses (Fig. 6). If populated with more events, 
GRB hosts can thus provide unique constraints on the low-mass 
end of the M^ - Z relation (see also e.g., Vergani et al. 2011) 
similar to measurements via gravitationally lensed objects (e.g., 
Wuyts et al. 2012) but without the need for (and uncertainty of) 
a detailed lens model (Fig. 6). 

4.4. The non-detection of Lya 

The luminosity-independent selection of star-forming galaxies 
through GRBs offers a unique probe of the escape fraction (/esc) 
of Lya photons. The path length of resonantly scattered Lya 
photons depends on the geometry and kinematics of H i within a 
galaxy, and could thus be greatly enhanced as compared to, for 
example, the path length of photons from recombination lines 
such as Ha. The longer path length directly translates into a 
higher dust absorption probability for Lya photons and hence 
/esc might end up anywhere below unity (e.g., Atek et al. 2009). 

Lya emission from GRB hosts was detected in both narrow- 
band imaging and afterglow/host spectroscopy (e.g., Fynbo et al. 
2003; Jakobsson et al. 2005; D'Avanzo et al. 2010; Milvang- 
Jensen et al. 2012). The broad wavelength coverage of X-shooter 
extending down to the UV (Lya line at z ~ 1.64 is redshifted 
to 3210 A) coupled with the tight constraints on the galaxies 
reddening and extreme luminosity of Ha, makes the host of 
GRB 080605 an ideal test case for the escape fraction in a high- 
redshift environment. 

At /esc = 1, the intrinsic ratio between Lya and Ha is 8.7 
(Brocklehurst 1971). Consequently, Lya is expected to be a fac- 
tor 12 more luminous than our non-detection implies. This cor- 
responds to an escape fraction of /esc < 0.08, which was esti- 
mated in the same way as the flux limit but using the photometry- 
matched spectrum and its errors as discussed in Section 2.3. 

While the evidence for reddening from the recombination 
lines and the stellar continuum is weak, the properties of the 
afterglow (Zafar et al. 2012) provide compelling evidence that 
there is enough dust in the ISM to absorb the scattered Lya pho- 
tons efficiently. 

Our limit is consistent with previous estimates using narrow- 
band surveys targeting both Lya and Ha (Hayes et al. 2010) or 
measured from the column density distribution of GRB-DLAs 
(Fynbo et al. 2009). A larger sample of hosts observed in sim- 
ilar fashion can provide competitive constraints on the average 
escape fraction in high-redshift environments at 1.6 < z < 2.5. 
These measurements would be completely independent on con- 
ventional selection techniques, and representative of young, star- 
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Fig. 5. Metallicity of the host of GRB 080605 (star). Other GRB host 
metallicities are shown with black circles and upward/downward trian- 
gles as compiled and in the scale of Savaglio et al. (2009) (top panel) 
and Mannucci et al. (201 1) (bottom panel). Field galaxies are shown as 
grey dots (Savaglio et al. 2005; Perez-Montero et al. 2009; Mannucci 
et al. 2009; Hayashi et al. 2009; Richard et al. 2011), and in sim- 
ilar metallicity scales as the GRB measurements. Absorption metal- 
licities from GRB afterglows (Rau et al. 2010; D'Eha et al. 2010; 
Savaglio et al. 2012; Thone et al. 2012, and references therein) and 
QSOs (Prochaska et al. 2003) are plotted as black and grey diamonds, 
respectively. Errorbars for individual events in the comparison samples 
are omitted to enhance clarity. The error bars at the bottom right corner 
of each panel illustrate uncertainties of 0.2 dex., which are typical for 
both, GRB-DLA (e.g., Rau et al. 2010; Thone et al. 2012) and GRB 
host metallicity (e.g., Mannucci et al. 2011) measurements. 



forming galaxies common in the early Universe. Establishing the 
average escape fraction at cosmological distances and for typical 
star-forming galaxies has strong implications for the use of Lya 
emission as a tracer of star-formation and luminosity functions 
derived from Lya galaxies at the highest redshifts. 

5. Conclusions 

We presented medium-resolution optical/NIR spectroscopy and 
ground and space-based imaging of the galaxy selected through 
GRB 080605 at z = 1.64. Our HST imaging probes and resolves 
the large-scale structure of the host, and shows it to be a mor- 
phologically complex system that consists of two components 
separated by 8.6 kpc. An X-shooter spectrum covering its rest- 
frame UV-to optical wavelength range (1 150 to 8700 A) reveals 
a wealth of emission lines, including [On], [Oiii], li/3 as well 
as [Nil] and Ha. These recombination and forbidden lines al- 
low us to put unique constraints on the conditions of the ISM 
in the host. It is in particular the first robust measurement of the 
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Fig. 6. The host of GRB 080605 with respect to the mass-metallicity 
relation at z ~ 2. Different colored symbols represent the averaged 
galaxy distribution from Erb et al. (2006) in black, as well as individ- 
ual sources from Forster Schreiber et al. (2006, 2009) in green, from 
Law et al. (2009) in blue and gravitationally lensed galaxies from Yuan 
& Kewley (2009) and Erb et al. (2010) in cyan and grey, respectively. 
Upper limits are shown with downward triangles with the same color- 
coding. All measurements are in the N2 scale of Pettini & Pagel (2004). 
The horizontal dashed-dotted line marks the solar oxygen abundance. 
The dashed line is the local M-Z relation (Tremonti et al. 2004), which 
is also shown shifted (solid line) to the observations at z ~ 0.7 (Savaglio 
et al. 2005). Approximate systematic errors on the N2 metallicity scale 
and the mass determination are indicated in the top left corner. 



gas-phase metallicity of a GRB host at z > 1 using strong-line 
indicators based on [Nii] (/16584). 

The host of GRB 080605 is significantly enriched with met- 
als with an oxygen abundance 12 + log(0/H) between 8.3 and 
8.6 (0.4 Z0 < Z < 0.8 Z0) for several different strong-line diag- 
nostics. In addition, its stellar mass is M» = 8.0^['^ x 10'' Mq and 
the galaxy is extremely star- forming (SFRhq. = 31;^g^M0yr-', 
sSFRHff = 4 Gyr-'). With a gas-phase metallicity above 40% of 
the solar value and luminosity above L* (Kriihler et al. 2011), 
it contrasts many observation of GRBs at lower redshift, which 
typically showed their hosts to be sub-luminous and metal-poor 
galaxies. Coupled with the high energy-release in y-rays of 



■^y.iso 



2.2 X 10^^ erg, it challenges those GRB progenitor mod- 
els in which the formation of energetic GRBs requires very low 
metallicities. 

The metallicity measurement of the host of GRB 080605 di- 
rectly shows that GRB hosts at z > 1 are not necessarily metal- 
poor, both on absolute scales as well as relative to their stellar 
mass and SFR. Our detailed spectroscopic observations in fact 
suggest that the hosts of GRBs in general might provide a fair 
representation of the high-redshift, SFR-weighted population of 
ordinary star-forming galaxies. 

GRB hosts thus offer a selection of star-forming galaxies 
at high redshifts, including objects in the low-mass (M, < 
10'" M0) regime, which are challenging to study otherwise. 
Targeted spectroscopic investigation become feasible through 
the afterglow's redshift, its sub-arcsec position and the substan- 
tial star-formation within GRB-selected galaxies. 

Similar data for a representative and statistically significant 
sample of GRB hosts hold the key for understanding the na- 
ture of GRB hosts in particular and give important insights into 
the high-redshift population of star-forming galaxies in gen- 
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eral. Furthermore, they yield the fundamental information to es- 
tablish GRBs as probes of the star-formation up to the era of 
re-ionization. With the availability of highly redshift-complete 
GRB, afterglow and host samples such as TOUGH*^ (Hjorth et al. 
2012; Jakobsson et al. 2012; Milvang-Jensen et al. 2012; Kriihler 
et al. 2012; Michalowski et al. 2012, Malesani et al., in prep.) 
and NIR spectroscopy with X-shooter these studies are now fea- 
sible for the first time, and will continue to open the window 
with respect to the properties of GRB hosts in the previously 
unexplored redshift range 1 < z < 3. 
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